We used an in vitro nuclear runoff replication assay to analyze the direction of replication of the active and inactive histone H5 genes in avian cells. In embryonic erythrocytes the transcribed histone H5 gene displayed sensitivity to endogenous nuclease cleavage. In contrast, this gene was insensitive to endogenous nuclease digestion under the same conditions in nuclei of the lymphoblastoid cell line MSB-1, and histone H5 gene transcripts were not detectable by dot-blot analysis of MSB-1 cell RNA. When nuclei were isolated from embryonic erythrocytes and incubated with bromodeoxyuridine triphosphate, runoff replication from endogenous nuclease cleavage sites led to a relative enrichment for fragments near the 3' end of the histone H5 gene in the density-labeled DNA. In nuclei of MSB-1 cells or chicken embryo fibroblasts, however, runoff replication from restriction enzyme-cut sites (or induced endogenous nuclease-cut sites in MSB-1 nuclei) led to a relative enrichment for fragments near the 5' end of the H5 gene in dense DNA. Based on the enhanced incorporation of bromodeoxyuridine into origin-distal regions of DNA during the in vitro runoff replication assay, we conclude that the active histone H5 gene in embryonic erythrocytes is preferentially replicated in the transcriptional direction from an origin in the 5'-flanking DNA, whereas its inactive counterparts in MSB-1 cells and chicken embryo fibroblasts are preferentially replicated in the opposite direction.
The replication of eucaryotic chromosomes is under both spatial and temporal controls, as evidenced by the firing of local clusters of replicons according to developmentally regulated programs and the replication of particular chromosome domains during similar intervals of the S phase in successive cell cycles (reviewed in reference 16). That the genomic location of an immunoglobulin gene sequence can influence its schedule of replication has been shown by Calza et al. (3) .
A relationship between transcriptional activity and the timing of replication has been inferred based on the observation that genes are generally replicated earlier in the S phase in cells where they are transcribed than in cells where they are inactive (7, 13) . In the case of the Xenopus laevis kidney cell line TrXo, translocation of oocyte-type 5S rDNA genes from their normal telomeric location to a pericentromeric location is correlated with both a shift from late to early S-phase replication and the accumulation of oocyte 5S transcripts (11, 15) , supporting the suggestion that the earlier replication of somatic versus oocyte 5S genes in normal cells may contribute to the selective transcription of the somatic genes (14, 38) .
A structural link between replication and transcription is suggested by the observations that under normal cell growth conditions the Hi histones and octamer cores of bulk chromatin are conservatively replicated (23-25, 34, 36) , whereas the core histone octamers of transcribed chromatin and the HMG 14/17 nonhistone pair preferentially associated with transcribed nucleosomes (37) are replicated nonconservatively but nonrandomly (22, 34) . Based on the nonrandom deposition and segregation of chromosomal proteins at replication, Smithies (31) has proposed that the transcriptional potential of a gene may be directly related to its replication polarity. According to this hypothesis active genes are replicated from upstream origins, whereas inactive genes are replicated from either upstream or downstream origins. In agreement with this model, we have shown previously that the active (and inactive) avian alpha-globin genes alpha-pi and alpha-D are replicated in the transcriptional direction (19) . The organization of the simian virus 40 and polyomaviral genomes (33) and the extrachromosomal rDNA genes of Tetrahymena thermophila and T. pyriformis (4, 10, 29, 35) are also consistent with this proposal; however, the alternating convergent and divergent transcriptional polarities of the closely interspersed chicken histone genes (8) and the antiparallel arrangement of the nested Drosophila melanogaster GART-PCP gene pair (17) suggest that this model may not be generally applicable in its simplest form.
To investigate this question further, we used an in vitro runoff replication assay (IVR) to analyze the direction of replication through the active and inactive histone H5 (2) genes of chicken embryonic erythrocytes and fibroblasts and the MSB-1 lymphoblastoid cell line. When nuclei are incubated in vitro in the presence of bromodeoxyuridine (BrdUrd) triphosphate (BrdUTP), the endogenous DNA polymerases extend replication forks previously initiated in the intact cells, leading to the preferential density labeling of origin-distal DNA segments (19) . Based on the graded incorporation of density label across the histone H5 gene locus, we conclude that the active histone H5 gene is replicated from an upstream origin in its 5'-flanking DNA, whereas the inactive histone H5 genes are replicated from downstream origins.
MATERIALS AND METHODS Fibroblasts were obtained from the skins of 14-day chicken embryos and cultured in RPMI 1640 medium containing 10% tryptose phosphate broth, 4% fetal calf serum, 2% chicken serum, and 0.1% gentamycin at 35°C in a humidified 5% CO2 atmosphere. Cells were used in the replication reactions at passage 5. The procedures for the 1658 TREMPE ET AL.
culture of MSB-1 cells, isolation of 5-day chicken embryo erythrocytes, and preparation of nuclei, cytosol, and replication cocktail were as described previously (19, 28 (20, 21) . The probe was labeled to 1 to 2 dpm/fg by replacement synthesis (18) . RNA was isolated by the methods of Chirgwin et al. (5) and Glisin et al. (12) . Electrophoresis, Southern hybridization (26, 32) , and quantitation with the LKB 2202 Ultrascan laser densitometer and Gelscan 2190 program were as reported previously (19) . Reconstruction controls demonstrating the linearity of densitometric signal response over the range of film exposures employed were presented previously (19) ). Five-day erythrocyte nuclei were incubated in the IVR cocktail containing BrdUTP; then the DNA was purified, digested with PstI, banded to equilibrium on neutral CsCl, and electrophoresed on agarose. Hybridization of an H5 cDNA probe to a blot of this gel showed that the stoichiometry of the 5' (1.6 kbp) and 3' (2.6 and 3.2 kbp) PstI-PstI fragments, which were not cleaved by the endogenous nuclease, was similar in dense and light DNA; in the absence of a barrier to replication these fragments were uniformly density labeled. In contrast, the 0.5-kbp 5' ENPstI fragment was strongly depleted in dense DNA, and the 1.9-kbp 3' PstI-EN fragment was enriched (Fig. 2) . Thus, those fragments which resulted from endogenous nuclease cleavage during IVR displayed nonuniform labeling. The depletion of the 0.5-kbp fragment in dense DNA indicates that in the presence of a barrier to replication (the EN cleavage) few DNA polymerases are available to density label this fragment. The greater labeling of the 1.9-kbp fragment relative to the 0.5-kbp fragment is due to polymerases which run off from within the 0.5-kbp fragment. Therefore, in terms of replication, the depleted 0.5-kbp fragment is upstream relative to the 1.9-kbp fragment, and replication proceeds through the gene in the transcriptional direction. Were replication to pass through this region in the antitranscriptional direction, the 1.9-kbp fragment would have been depleted relative to the 0.5-kbp fragment in dense DNA.
Comparison of the total signal from the 5' H5 gene fragments to that from the 3' fragments eliminates the possible contribution of a transient, differential sensitivity to EN to these data and shows that the 5' fragments are depleted in the incorporation of density label relative to the 3' fragments. The same polarity of replication was deduced ( after erythrocyte nuclei were cleaved with EN plus HindlIl during IVR, followed by PstI digestion of the isolated DNA (data not shown; cf. Fig. 5 ). These results confirmed that replication of the H5 gene in embryonic erythrocytes occurs preferentially in the direction of transcription.
In vivo BrdUrd labeling of the H5 locus. To show that the in vitro incorporation of BrdUrd per se is not responsible for changing the relative proportion of H5 gene fragments in light versus BrdUrd-substituted DNAs, the H5 domain was uniformly density labeled by in vivo incubation of erythrocytes with BrdUrd for 5 to 6 h. DNA was isolated from these cells and separated into light and heavy fractions as described above. The ratio of 5' (1.6-kbp) to 3' (3.2-kbp, 2.6-kbp) H5 gene fragments was essentially the same in dense and light DNA (or bulk DNA; data not shown) after the gradient fractionation and blot hybridization procedure (Fig. 3) . Therefore the change in the stoichiometry of 5' to 3' fragments during IVR must result from the disproportionate incorporation of density label across the H5 locus due to experimentally imposed barriers. (Fig. 4) . No hybridization signal was detected at the highest levels of MSB-1 RNA loaded, whereas erythrocyte RNA gave a detectable signal above background at 100-fold less RNA. Taken together, these observations imply that the H5 gene in MSB-1 nuclei is in an inactive state.
MSB contrast to the results of Fig. 3 , runoff replication of the H5 genes in MSB-1 nuclei led to the depletion of the 3' PstI-PstI fragments in dense DNA relative to the 5' HindIII-PstI fragments (Fig. 5) , suggesting that the inactive H5 sequences are replicated from an origin in the 3' flanking DNA. To demonstrate that the detection of differential labeling across the H5 locus relied on runoff replication from a defined boundary, MSB-1 nuclei were submitted to IVR as above, but omitting HindIIl digestion. After DNA purification, PstI digestion, isopycnic centrifugation, electrophoresis, and blot hybridization, there was no significant difference in the ratio of 5' and 3' PstI fragments in light and dense DNA fractions (Fig. 6 ). This indicates that during IVR in the absence of imposed barrier sites there is no inherent bias detectable in the incorporatior. of BrdUTP (such as might result from the stalling of polymerases or a nonuniform distribution of replication forks) across the H5 locus, and that a sufficient majority of DNA polymerases completely traverses this region so that it appears uniformly labeled.
To confirm that the H5 gene in MSB-1 cells is replicated from a downstream origin, we wished to repeat the IVR reaction with an alternative set of initial endonuclease cleavages. We therefore took advantage of the observation that modification of the IVR reaction cocktail to include an increase in the amount of the postribosomal cytosol fraction from approximately 1 to 5 to 10 cell equivalents per nuclear equivalent exposes endogenous nuclease-hypersensitive cleavages in MSB-1 nuclei at sites similar to those observed in erythrocyte nuclei (Schmitz et al.,in preparation). When MSB-1 nuclei were allowed to replicate in vitro under these conditions, however, the results were dramatically different from those obtained with erythrocyte nuclei. Compared with the normalized signal from the 3' 2.6-kbp PstI fragment the 1.9-kbp EN-PstI fragment was strongly depleted in dense DNA (Fig. 7) . In contrast, the sum of the signals from the 5' 0.5-kbp and 1.6-kbp fragments was increased (approximately twofold) in dense DNA relative to light DNA. (We interpret the slight reduction in the 1.6-kbp signal and a compensating portion of the increased 0.5-kbp signal to reflect the extent of EN activity on the 1.6-kbp fragment.) The enrichment for the 0.5-kbp 5' fragment in dense DNA confirms the result obtained with HindIll-digested nuclei (Fig. 5) , showing that replication proceeds from an origin 3' to the H5 gene in MSB-1 cells.
IVR in fibroblast nuclei. Inasmuch as MSB-1 cells represent a continuous line which may have accumulated chromosomal alterations which could influence H5 gene replication, we tested the replication polarity of the inactive H5 gene in low-passage-number cultures of chicken embryo fibroblasts (CEF). CEF nuclei were digested with HindIll and incubated in the IVR density labeling cocktail. The DNA was purified, cleaved with PstI, banded on CsCl, and subjected to gel electrophoresis. Comparison by blot hybridization of the relative amounts of 5' and 3' H5 gene fragments in DNA density labeled during in vitro replication and in uniformly dense DNA (labeled in vivo; Fig. 8 ) or light DNA (data not shown) showed that the 2.6-kbp and 3.2-kbp PstI-PstI fragments 3' to the gene were both depleted in the IVR density-labeled DNA relative to the 1.3-kbp 5' DNA fragment. The persistence of the 1.6-kbp PstI-PstI fragment in the IVR preparation reflects the relative inefficiency of restriction enzyme cleavage in CEF nuclei (approximately 40 to 50% in this case). The presence of the 1.6-kbp partial digestion fragment does not alter the conclusion that the 3' DNA fragments are depleted in the IVR preparation, since incomplete cleavage by HindIlI would, at worst, lead to a labeling pattern more similar to that of the in vivo-labeled DNA. Thus, as in MSB-1 cells, replication of the inactive H5 gene of normal CEF appears to initiate at a site 3' to the gene.
DISCUSSION
The molecular mechanisms by which chromatin replication is involved in establishing and propagating structures which promote or preclude transcription are not known. The nonrandom deposition and segregation of histones and nonhistone proteins suggest that the structure of the nucleosome itself is likely to play a role in this process (14, 22-25, 27, 30, 34, 36, 38) . In the present report we demonstrate a direct correlation between the transcriptionally active state of the histone H5 gene and the replication of this gene from an upstream origin. Our inference of replication polarity is based on the differential incorporation of density label across the histone H5 gene region. Control experiments show that the incorporation of the BrdUrd label either in vivo or in vitro in the absence of imposed blocks to DNA polymerase results in the uniform density labeling of this domain and that subsequent restriction endonuclease digestion, gradient centrifugation, fractionation, electrophoresis, and blot transferhybridization do not detectably alter the stoichiometry of newly replicated H5 DNA fragments relative to their representation in bulk DNA. After purification the DNA was digested with PstI and analyzed as in Fig. 3 Mobility -FIG. 6 . Replication of MSB-1 nuclei without nuclease cleavage. MSB-1 nuclei were incubated as in Fig. 5 , omitting restriction enzyme.
DNA was purified, digested with PstI, and analyzed as in Fig. 2 .
In contrast, when the chromatin is exposed to nuclease cleavages in situ, subsequent replication in the presence of BrdUTP leads to the nonuniform incorporation of density label. Preincubation of nuclei with various restriction nucleases decreases the extent and rate of IVR DNA synthesis in approximate proportion to the expected random frequency of occurrence of the enzyme target site in DNA (19) . The simplest interpretation of these observations is that cuts introduced in the DNA template represent barriers to the progression of DNA polymerases (however, this has not been proven directly). Although this scenario predicts that few, if any, DNA polymerase molecules would sufficiently replicate sequences immediately 3' to the barrier site to allow their representation in heavy DNA, we did observe fragments which bordered the presumptive boundary site in the newly replicated fraction of DNA. We attribute this to in situ nuclease digestion occurring after versus before the passage of the replication apparatus and to the breadth of DNA distributions across the CsCl gradients; however, we cannot eliminate the possibility that not every H5 gene copy is replicated in the same direction and that we detect only the preferred polarity of replication.
This discussion does not ignore the possible existence of other types of potential endogenous blocks to replication fork movement (e.g., matrix attachment sites, replication origins). At least in MSB-1 cells, however, the data of Fig. 6 (IVR without enzyme digestion) show that such boundaries must be sufficiently distant that the entire H5 locus appears uniformly labeled. Based on the distribution of PstI sites around the H5 gene and the sensitivity of the IVR assay (19), we estimate this distance to be greater than 8 to 10 kbp.
Under conditions of in vitro replication erythrocyte nuclei display site-specific endogenous nuclease cleavages; therefore a similar minus-enzyme control reaction is not possible with these nuclei. Although the proximity of endogenous boundary sites in erythrocyte nuclei could quantitatively affect the ratio of 5' and 3' DNA fragments, it would not change the ratio from greater to less than unity. Therefore an unambiguous interpretation of replication direction is still possible.
We conclude that the preferred direction of replication of the active histone H5 genes of embryonic chicken erythrocytes is the transcriptional direction, whereas the inactive H5 genes in MSB-1 cells and CEF are replicated in the opposite direction. Recently, Dalton et al. (6) We showed previously that replication proceeds from upstream (5') origins through the alpha-globin locus irrespective of transcriptional activity in erythrocytes and MSB-1 cells (19) . The alpha-globin and H5 gene IVR results are consistent with the generalization that active genes are replicated in the transcriptional direction and that cells may switch the replication polarity of genes in concert with gene activation or repression. However, these observations do not establish an obligate relationship between replication and transcription and may merely reflect the fact that the exposure of certain chromosomal sites can facilitate the entry of both DNA transcription and replication machinery. The replication in the early S phase of genes whose transcription is activated by trans-acting factors and/or chromosome translocation suggests that protein binding and chromosome position may also influence replication polarity (3, 7, 13) . Consistent with the idea that chromosomal position may influence replication polarity, our recent data indicate that the germ line and translocated human c-myc genes in two Burkitt lymphoma cell lines are replicated in opposite directions (Leffak, manuscript in preparation). Thus, genes may be replicated irrespective of transcriptional orientation from the nearest chromosomal entry site. Assuming uniform rates of fork movement, replication from the nearer of two simultaneously activated origins is a direct prediction of the hypothesis that specific sites do not exist for the termination of DNA replication (1, 9) .
